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ABSTRACT 
The Upper Savannah River watershed has numerous impoundments, and the three 
largest hydroelectric reservoirs, from north to south, are Hartwell, Richard B. Russell, 
and J. Strom Thurmond Lakes. During the summer months, these reservoirs undergo 
thermal and chemical stratification, which results in the formation of cool, 
hypoxic/anoxic hypolimnia and warm, oxic epilimnion. To maintain fisheries habitat, the 
United States Army Corps of Engineers operates a hypolimnetic oxygenation system in 
the forebay of Richard B. Russell Lake. The purpose of this system is to improve the 
water quality of the releases from Richard B. Russell Dam by maintaining a dissolved 
oxygen concentration of 5 to 6 ppm. 
Under anoxic conditions in the hypolimnion, some metals and nutrients become 
soluble, and as water is released from the reservoir during hydroelectric generation, these 
dissolved nutrients can be transported downstream. During fall mixing, nutrients that 
have been dissolved in hypolimnion and not released during generation may be cycled 
back to the surface.  The oxygenation system, operated when the hypolimnion would be 
under anoxic conditions, facilitates the oxidation and sedimentation of certain reduced 
chemicals, and their sedimentation effectively removes them from the water column.  In 
this manner they may be sequestered in the sediments of Richard B. Russell Lake.  
Of particular interest was iron (Fe), chosen because of its ability to react with 
oxygen.  In addition, under certain conditions, phosphorus can bond to iron or can adsorb 
to flocculated iron to form ferric hydroxo-phophate precipitates.  Manganese exhibits 
many of the same chemical characteristics as iron with regard to redox activity and 
ii 
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phosphorus interactions.  However, under identical conditions, manganese oxidation 
proceeds more slowly than iron.  If the artificial oxygenation system facilitates these 
reactions, then Richard B. Russell Lake may be a sink for iron or manganese, and 
potentially phosphorus, for the Savannah River system. 
Sediment samples were taken from the forebay of Hartwell Lake and from the 
forebay of Richard B. Russell Reservoir upstream from and near the hypolimnetic 
oxygenation system.  Sediment samples were also collected along a longitudinal gradient 
through J. Strom Thurmond Lake as well as in the J. Strom Thurmond forebay to detect 
evidence of sequestration upstream.  Based upon the results of chemical analyses, I 
discovered that Richard B. Russell Lake had significantly more iron in its forebay 
sediments at the oxygenation system than at upstream locations within the lake or in 
Hartwell Lake’s forebay.  Hartwell Lake’s forebay sediments had significantly more iron 
than J. Strom Thurmond Lake’s forebay.  Phosphorous had a similar distribution; with all 
three lake forebays being significantly different from one another.  Manganese was 
greater in the Richard B. Russell forebay sediments at the oxygenation system than at an 
upstream location or in the forebay of Hartwell Lake.  However, the forebay of J. Strom 
Thurmond Lake had approximately ten times the amount of manganese in the sediments 
as Lake Hartwell, and almost five times as much as the forebay sediments in Lake 
Richard B. Russell.  These observations are consistent with a hypothesis of enhanced 
sequestration of materials into lake sediments under the influence of hypolimnetic 
oxygenation. 
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CHAPTER I 
 
INTRODUCTION 
 The Savannah River flows from the foothills of the Blue Ridge Mountains to the 
Atlantic Ocean at Savannah, GA, and forms most of the boundary line between the states 
of Georgia and South Carolina.  The Savannah River is formed by the confluence of the 
Tugaloo and Seneca Rivers approximately eleven kilometers north of Hartwell Dam, and 
its headwaters are located in northeast Georgia for the Tugaloo River and southwest 
North Carolina and northwest South Carolina for the Seneca River.   
The Savannah River drainage basin has an area of 27,400 km2 with a length of 
approximately 400 km and a width of approximately 113 km (James et al. 1985).  In 
1985, James et al. reported the land use in the watershed to be 60% woodland areas, 35% 
cropland and agricultural use, and the remaining 5% to be urban or recreational use.  
Ashby (1994) reported the same land use findings, but stated that urban and recreational 
land use appeared to be increasing.  The average flow rate of the Savannah River at the 
United States Geological Survey (USGS) Station at Clyo, GA (N 32o 31’ 41”, W 81o 16’ 
08”) between 1930 and 1945 (years 1934 through 1937 missing) was approximately 321 
m3/s (USGS 2007).  Almost all of the Savannah River system north of Clarks Hill, GA or 
North Augusta, SC is impounded.  These impoundments, their locations, and the years of 
their impoundment are described in Table 1.1. 
There are many consequences to the impoundment of a river, the most obvious of 
which is the conversion of a lotic system to a lentic one.  Moreover, all of the reservoirs 
in this study were constructed with flood control as one of their authorized purposes.  As 
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opposed to rivers or natural lakes where flood stage events or discharges occur based on 
regional meteorology and other factors, discharges from reservoirs are highly regulated.  
Table 1.1: Savannah River system impoundments (by date) 
Reservoir Year* River Location Area** 
Tallulah Lake 1913 Tallulah N 34
o 44’ 19.13” 
W 83o 23’ 44.72” .26 
Lake Rabun 1915 Tallulah N 34
o 45’ 55.28” 
W 83o 25’ 0.06” 3.4 
Lake Burton 1919 Tallulah N 34
o 47’ 38.47” 
W 83o 32’ 25.08” 11.23 
Tugaloo Lake 1923 Tugaloo N 34
o 42’ 51.71” 
W 83o 21’ 6.35” 2.42 
Lake Yonah 1925 Tugaloo N 34
o 40’ 56.00” 
W 83o 20’ 32.34” 1.32 
Seed Lake 1927 Tallulah N 34
o 45’ 17.56” 
W 83o 30’ 5.19” .97 
J. Strom Thurmond 
Lake 1954 Savannah 
N 33o 39’ 41.45” 
W 82o 11’ 57.45” 283.2 
Lake Hartwell 1964 Savannah N 34
o 21’ 26.72” 
W 82o 49’ 19.93” 226.6 
Lake Keowee 1971 Keowee and Little 
N 34o 48’ 1.60” 
W 82o 53’ 18.61” 74.3 
Lake Jocassee 1973 Keowee N 34
o 57’ 38.58” 
W 82o 55’ 9.63” 31.0 
Richard B. Russell 
Lake 1984 Savannah 
N 34o 1’ 32.60” 
W 82o 35’ 38.72” 107.9 
*Year of filling completion 
**Values given in km2 
 
The regulation of pulse flooding events removes possibilities for inundation of the flood 
plain with water, and alters the dynamics of the deposition and transport of sediments and 
organic material in the river channel.  In contrast, reservoirs tend to remove materials 
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primarily through sedimentation.  And with the permanent inundation of soils during 
impoundment, soluble or semi-soluble organic compounds and metals can be released 
into the water column, potentially leading to eutrophication or permanent removal of 
these materials from the system.  If thermal and chemical stratification occurs in the 
summer months and an anoxic hypolimnion forms, this may accompany the further 
release of metals and organic compounds from the soils and sediments due to the 
reducing conditions present.  Some of the more common compounds and elements 
released are iron, manganese, phosphorous, ammonia, nitrates, and various sulfides.  
Decomposition of flooded organic material may also cause a greater oxygen demand 
thereby intensifying the anoxic conditions of the hypolimnion and the strength of the 
chemical stratification (James et al. 1985, Kalff 2002, Hakanson and Jansson 1983).  This 
trend in oxygen demand from organic decomposition is greatest when the reservoir is 
first flooded, but may diminish as the lake ages (Hains et al. 1987). 
 The largest impoundment of the Savannah River was J. Strom Thurmond Dam 
and Lake.  Construction of the dam was authorized by Congress in 1944 as the Clark Hill 
Dam Project, but was later renamed the J. Strom Thurmond Dam and Lake in 1988 
(USACE 2007c).  The purposes of the reservoir as initially defined by Congress were 
flood control, hydroelectric power generation, and navigation, but were later revised to 
include water quality, water supply, recreation, and fish and wildlife management.  The 
first turbine at J. Strom Thurmond Dam began operation in 1952, and the project reached 
completion in 1954 (USACE 2007c).  J. Strom Thurmond Dam has seven turbines, and 
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Table 1.2:  Physical characteristics of Hartwell, Richard B. Russell, and J. Strom 
Thurmond Lakes 
Characteristic J. Strom Thurmond Richard B. Russell Hartwell 
Maximum power 
pool elevation** 100.6 144.8 201.2 
Minimum power 
pool elevation** 95.1 143.2 190.5 
Flood control pool 
elevation** 102.1 146.3 202.7 
    
Volume/Capacity  
(109 m3) 3.0233 1.271 3.1467 
Surface area  
(km2) 283.2 107.9 226.6 
Mean depth 
(m) 11 12 14 
Maximum depth 
(m) 45 47 55 
    
Reservoir length 
(km) 63 45 79*/ 72* 
Shoreline length 
(km) 1,930 885 1,548 
Drainage area 
(km2) 15,906 7,508 5,406 
Water residence time 
(days) 144 102 306 
*Values are for the Tugaloo River arm and the Seneca River arm, respectively 
**In meters ngvd 
-Values taken at maximum power pool elevation 
-Values taken from James et al. (1985) 
 
had an average discharge of 243.6 m3/s over the period of 1925-1973 (James et al. 1985).  
For 2006, the average outflow was 144.02 m3/s because of drought conditions (USACE 
2007d).  Table 1.2 lists the morphological characteristics of this lake.  This reservoir is 
important relative to Hartwell Lake and Richard B. Russell Lake in that it controls the 
flow for the remaining Savannah River below J. Strom Thurmond Dam. 
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 Hartwell Lake was completed in 1963 (full pool reached in Mar. 1962).  The 
Flood Control Act of May 17th, 1950 authorized it for the same purposes as J. Strom 
Thurmond Lake (USACE 2007b).  Hartwell Lake is the second largest impoundment on 
the Savannah River, and includes the confluence of the Seneca and Tugaloo rivers, which 
create the origin of the Savannah River.  Other important characteristics of Hartwell Lake 
are presented in Table 1.2.  The hydroelectric plant became operational on April 27, 
1962, and has five turbines (USACE 2007b).  After Phase I refurbishment of Hartwell 
Dam in 1998, turbine blades were equipped with “hub baffles,” which introduce air into 
the circulating water to increase dissolved oxygen content in discharges (Jabour 2001, 
USACE 2007b).  Hartwell Dam had a mean discharge of 119 m3/s for the period of 1925-
1973 (James et al. 1985), but the average outflow in 2006 was 82.4 m3/s (USACE 
2007d). 
 Richard B. Russell Lake began filling in December 1983 and was finished in 
November 1984 (USACE 2007a).  General characteristics can be seen in Table 1.2.  It 
was authorized by the Eighty-Ninth Congress in the 1966 Flood Control Act (Public Law 
89-789) as Trotter Shoals Dam and was later renamed Richard B. Russell (Hains et al. 
1987).  Richard B. Russell Dam and Lake did not have authorized purposes identical to 
Hartwell and J. Strom Thurmond Lakes.  Congress authorized Richard B. Russell 
Reservoir for power production, incidental flood control, recreation, fish and wildlife 
management, additional stream flow regulation, and water quality (USACE 2007a).  
Flood control was incidental because most of the flood control on the Savannah was 
already managed by J. Strom Thurmond Dam and, to a lesser extent, Hartwell Dam.  
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Richard B. Russell Lake primarily serves as a conduit between the other two reservoirs, 
and depth is maintained to within approximately 1.5 m of full pool (USACE 2007a).  At 
the time of its construction, the predicted outflow from Richard B. Russell dam was 
143.84 m3/s (James et al. 1985).  However, the outflow from Richard B. Russell for the 
year of 2006 was 155.8 m3/s (USACE 2007d).   
Richard B. Russell Lake has a collar/easement totaling 107.24 km2 of 
undeveloped land for wildlife mitigation, and the USACE prohibits any private structures 
from being constructed within this easement in accordance with the Water Resources 
Development Act (USACE 2007a).  Hartwell and J. Strom Thurmond Lakes have 
wildlife and conservation policies, but Richard B. Russell Lake has a mandate under the 
Fish and Wildlife Coordination Act of 1958 to maintain a standard of wildlife 
conservation and management (USACE 2007a).  The largest and most important 
difference between these projects, however, is that Richard B. Russell Dam and Lake’s 
primary authorized purpose was hydroelectric power, including pumped storage.  Richard 
B. Russell Dam contains four conventional turbines and four pumped storage turbines.  
The conventional generators began operation in January 1985, but the pumped storage 
units were not completed until 1992 (USACE 2007a).   
Simulated full operational testing of the pumped storage units was completed in 
1996 during the Phase III study of environmental effects (Hains et al. 1999).  Limited 
commercial operation of the pumped storage units began in 2002 using only two of the 
four units, and full commercial operation will begin after a hypolimnetic oxygenation 
system is completed in J. Strom Thurmond Lake (USACE personal communication). 
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 Environmental concerns for both J. Strom Thurmond and Richard B. Russell 
Lakes were addressed in long-term field studies conducted by the USACE Waterways 
Experiment Station beginning in 1983 (Hains et al. 1999).  Initial water quality studies 
were conducted on Richard B. Russell Lake from 1983 to 1985, and the data from these 
studies are illustrated in the site description section of this thesis.  Those water quality 
studies have continued to this date.   
Some concerns with the impoundment of Richard B. Russell Lake included the 
destruction of stream habitat between Hartwell and J. Strom Thurmond Lakes, and a 
change in the flow dynamics of water being released into J. Strom Thurmond headwaters.  
Low dissolved oxygen concentrations in the hypolimnion and release waters of Richard 
B. Russell Lake, altered oxygen concentrations and temperatures into the headwaters of J. 
Strom Thurmond Lake, and increased dissolved metals and nutrients in hypolimnetic 
release waters from Richard B. Russell Dam were possible during the summer 
stratification period.   
Pumped storage involves the release (in this case from Richard B. Russell Dam) 
of deep water for power production during peak demand, and then the pumping of water 
back into the upstream reservoir during low demand hours.  This activity has the potential 
under certain circumstances to alter water temperatures within the lake.   In addition to 
water quality concerns, pumped storage has the potential to entrain fish during pumped 
storage generation.   
Several actions were taken to address water quality concerns related to Richard B. 
Russell Dam and Lake.  The largest such action, however, was the construction of a 
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hypolimnetic oxygenation system in the forebay of Richard B. Russell Lake.  The 
oxygenation system would ensure that all releases from Richard B. Russell Dam could be 
controlled, and initially these would contain a minimum of 6 mg/L or more of dissolved 
oxygen.  The oxygen supplied to the hypolimnion of the forebay would prevent anoxic 
conditions in many parts of the lake during summer stratification, and would prevent lake 
anoxia during fall mixing.  Figures 1.4 and 1.6 show the respective oxygen contents of 
Richard B. Russell Lake without an oxygenation system, of Richard B. Russell Lake with 
an oxygenation system, and of J. Strom Thurmond Lake, which is an example of a typical 
reservoir from this region.   
Because of the action of the hypolimnetic oxygenation system, soluble metal 
concentrations in the water column could also be decreased.  For example, iron and 
manganese could precipitate out of solution, possibly adsorbing and depositing 
coprecipitated phosphorus.  Hypolimnetic oxygenation could also lead to decreased 
releases of substances exerting biochemical oxygen demand (BOD) to downstream areas. 
 A thorough description of preliminary studies for the oxygenation system in 
Richard B. Russell Lake can be found in Holland and Tate (1984).  Pilot studies 
completed by Speece (1975) and Speece et al. (1978) in the forebay of J. Strom 
Thurmond Lake determined the most efficient diffuser design and injection rates for the 
system that would be built in Richard B. Russell Lake.  The completion of the Savannah 
Project will also include an oxygenation system of similar description in the forebay of J. 
Strom Thurmond Lake.   
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The final design for Richard B. Russell Lake involved two subsystems, a pulse 
oxygenation system at the face of the dam and a continuous oxygenation system located 
upstream in the forebay (Holland and Tate 1984), which could together oxygenate 144 
million m3 of water (James et al. 1985).  The designed average daily discharge would be 
353.96 m3/s with an efficiency of approximately 75% and a travel time of 4 days from the 
continuous system located 1.6 km (1 mile) upstream from the dam (Holland and Tate 
1984).    It was estimated that the system would be required from June through the end of 
October with the highest demand at 171 tons of oxygen per day during the first two 
weeks of October to maintain 6 mg/L in the discharge from Richard B. Russell Dam 
(Holland and Tate 1984).   
The continuous system was perpendicular to the river channel and consisted of 
two lines each 610 m long.  A pulsed oxygenation system was installed at the face of the 
dam, but because of inefficiency it was discontinued prior to pumped storage testing.  
Complete design specifications for the original oxygenation system can be found in 
USACE Design Memorandum 35 (USACE 1981).  The continuous system was replaced 
in 2001 (Mobley et al. 2003).  The new system was tested in 2002 at 200 tons/day, and is 
the system currently in use (Mobley et al. 2003).  This system is comprised of 10 lines 
that are aligned parallel to the old river channel and are each 1219 m long (Mobley et al. 
2003).  In 2003, one of the lines was moved to a position laterally, just upstream from the 
submerged cofferdam that had been used during dam construction (Mobley et al. 2003). 
James et al. (1985) stated that the pulse oxygenation system started on Apr. 30th, 
1986 and ran continuously throughout the season because the continuous system was 
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offline for repairs.  The initial rates of injection were approximately 15 tons of oxygen 
per day, but most of the summer and early fall were at 70 to 80 tons of oxygen per day 
(Hains et al. 1987).  During July 1986, the average efficiency was 30.5%, but by August 
the efficiency averaged 50% with releases kept at approximately 6.0 mg/L all season 
(Hains et al. 1987).  From July 31st, 1986 to August 8th, 1986, the oxygenation system 
was inoperable due to a ruptured supply line.  Before this break, 80 tons of oxygen per 
day was being delivered by the oxygenation system (Hains et al. 1987).  Within 24 hours 
of cessation, the releases decreased from 6.0 mg/L to 5.5 mg/L, and after 48 hours 
releases were 4.5 mg/L (Hains et al. 1987).  Four days after shutdown the oxygen 
concentrations in the releases stabilized at 4 mg/L.  On Aug. 8th, the system resumed 
operation at 80 tons of oxygen per day and there was rapid increase to approximately 6-7 
mg/L, which indicated that 80 tons of oxygen per day increased the concentrations by an 
additional 2 to 3 mg/L (Hains et al. 1987).   
Ashby et al. (1994) surveyed the oxygenation system again in 1988 after some of 
the initial effects of impoundment had stabilized.  The system began operation on May 
11, 1988 using the pulse system only at 15 to 30 tons of oxygen per day until Aug. 22nd 
when the continuous system also began operation (Ashby et al. 1994).  The continuous 
system delivered 25 to 30 tons of oxygen per day, and the combined capacity of the 
continuous and pulse systems was 65 tons of oxygen per day (Ashby et al. 1994).  The 
systems were operated at these capacities until the middle of October when delivery rates 
declined to 30 to 50 tons of oxygen per day.  Oxygenation system operation ended on 
November 9th, 1988 (Ashby et al. 1994).  Throughout the stratified season, 6.0 mg/L had 
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been observed in the forebay at depths greater than 35 m, and the oxygenation system 
was reported to add 2 to 4 mg/L to the releases from Richard B. Russell Dam (Ashby et 
al.1994). 
The next major evaluation of the oxygenation system took place from 1996 to 
1998 with the initiation of pumped storage testing at the Richard B. Russell Dam.  The 
system was operated in June of 1997 and 1998 with an injection rate of approximately 25 
to 35 tons of oxygen per day (Hains et al. 1999).  By late September and early October of 
1997 and 1998, injection rates were greater than 100 tons of oxygen per day and the 
maximum rate in late October was 133 tons of oxygen per day (Hains et al. 1999).  The 
average delivery rates were 65.8 tons of oxygen per day, 68.7 tons of oxygen per day, and 
79.2 tons of oxygen per day for 1996, 1997, and 1998, respectively (Hains et al. 1999).  
The average daily rate and overall seasonal use of oxygen was less in 1996 due to the 
influence of pumped storage generation.  During 1996, Richard B. Russell Dam 
functioned at simulated full commercial pumped storage operation.  This operation had 
never occurred before, and currently there is limited use of pumped storage (2 turbines) at 
Richard B. Russell Dam.  Seasonal operation of the oxygenation system was ended 
October 29th, 1997 (Hains et al. 1999).  In 1998, system operation ended on October 31st, 
but was brought back online on November 4th, and did not cease for the season until 
November 16th (Hains et al. 1999). 
The specific focus of this thesis is the effect that the hypolimnetic oxygenation 
system has on the precipitation and sedimentation of iron, manganese, and phosphorous 
in Richard B. Russell Lake.  If the hypolimnion of Richard B. Russell Lake became 
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anoxic, dissolved iron and manganese concentrations would be expected to increase in 
the water column due to the reducing conditions present.  Fe (III) and Mn (III, IV) are 
reduced to Fe (II) and Mn (II) under anoxic conditions (Kalff 2002).  All three lakes, 
without the influence of an oxygenation system, have had anoxic hypolimnetic and 
bottom waters after the onset of stratification.  When Fe (II) and Mn (II) are exposed to 
oxidizing conditions like those found in the forebay of Richard B. Russell Lake during 
oxygenation system operation, they tend to precipitate out of solution as Fe (III) and Mn 
(III, IV) oxyhydroxides. 
In the presence of oxygen, iron is oxidized from its ferrous (Fe (II)) to ferric (Fe 
(III)) oxidation state.  The solubility of ferric iron is very low, and thus forms oxides or 
oxyhydroxides and may precipitate (Kalff 2002, Schaller et al. 1997).  Upon 
precipitation, the ferric oxyhydroxides can flocculate, which in turn increases the size and 
settling ability of the flocs or aggregates (Schaller et al. 1997, Macpherson et al. 1958).  
The enhanced settling and sedimentation of the aggregated particles, their stability after 
bonding, and the presence of oxygenated water minimizes the upward flux of iron 
through the water column.  Therefore, most movement of the particles within the system 
is lateral causing accumulation in the deepest portions of the lake (Schaller et al. 1997, 
Kalff 2002, Hayes et al. 1958).  Thermal isolation, slowed inflows, and lack of mixing in 
the deeper portions of the lake enhance this effect (Ashby 1987).  This process is known 
as geochemical focusing (Kalff 2002, Schaller et al. 1997).  Schaller et al. found Fe (II) in 
oxic water in Baldeggersee Lake in Switzerland, which also has an artificial oxygenation 
system.  At a pH of 7.0 to 7.5, Fe (II) has a half-life of <5 hours during oxidization to Fe 
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(III), and can travel distances approximately 50 m to 180 m through the processes of 
hypolimnetic advection and geochemical focusing (Schaller et al. 1997).  The retention of 
these stable and insoluble forms after sedimentation increases as water residence time for 
the body of water increases (Kalff 2002).  The residence times for the three reservoirs can 
be seen in Table 1.2.  The colloids that are formed during this transportation can consist 
of many constituents depending on the individual characteristics of the lake.  Oxoanions 
such as vanadium, chromium, or arsenic may strongly adsorb to the surface of 
oxyhydroxides and hydroxides (Schaller et al. 1997), as well as to organic compounds in 
the form of organic ligands.  In addition, inorganic compounds like phosphates bond 
strongly to oxidized iron (Kalff 2002, Bortleson and Lee 1974, Macpherson et al. 1958, 
Mortimer 1941).   
Bortleson and Lee (1974) found that iron is the dominating factor in the amount 
of phosphorus adsorption and retention in lake sediments.  Strongly oligotrophic lakes 
showed less definitive results, but moderately productive to eutrophic lakes showed 
strong correlations between iron and phosphorus content in sediment cores taken at 
several locations.  To test the sorptive capacity of the sediments, they measured the 
amount of phosphorus in the sediment and water, then doped the water with additional 
phosphorus, shook the sample (oxic conditions), and measured the remaining phosphorus 
in the water.  They found approximately 45-100% of the phosphorus added was adsorbed 
to the sediment in the lowest dose trial, and upon the return of reducing conditions, only 
0-25% of the phosphorus desorbed back into the water (Bortleson and Lee 1974).  They 
also found that sediments with naturally high iron content retained more of the doped 
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phosphorus, and that iron and phosphorous showed a strong correlation with phosphorus 
sorption reaching 100% as iron content in the sediment approached 110 mg/g (Bortleson 
and Lee 1974).   
Macpherson et al. (1958) found that the maximum sorption of phosphorus occurs 
when the pH is such that the H2PO4- ion is the most abundant.  They also evaluated biotic 
interactions and their effect on iron flux.  Anaerobes at the sediment surface can use Fe 
(III) and Mn (IV) as final electron receptors in metabolism, thereby returning these 
elements to their reduced, dissolved forms and the water column (Kalff 2002, Lovley 
1991).  Macpherson et al. (1958) determined that the exchanges happening between 
phosphorus and the sediment were abiotic and reversible, and showed this by repeating 
the experiments with sterilized sediments.  The correlations were the same implying that 
the phosphorus involved was inorganic.  They also showed that the sorption and 
desorption could be repeated within the same sample with similar results. 
Manganese can become oxidized to Mn (III) or Mn (IV) in the presence of 
oxygen.  It can then precipitate, flocculate, and be deposited to the sediments in a manner 
similar to iron.  Manganese can also be used for energy by facultative anaerobes, and can 
also adsorb or bond to phosphorus or carbon (Lovley 1991, Mortimer 1941).  However, 
manganese is chemically reduced much more readily than iron and is not as easily 
oxidized (Kalff 2002).  Schaller et al. (1997) showed that Mn (II) had a half-life of 
approximately 24 hours in oxic water for its conversion to Mn (III) or Mn (IV), and did 
not correlate with phosphorus content in some of the lakes studied.  However, in the lakes 
where Schaller et al. (1997) did find a correlation between manganese and phosphorus, 
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the correlation was stronger than between iron and phosphorus for that lake.  Bortleson 
and Lee (1974) found the likelihood of the bonding of phosphorus and organic ligands to 
be less for Mn (III) and Mn (IV) than for Fe (III), but that the mechanism and the relative 
shape of the curve of the plotted values of their data were very similar between iron and 
manganese.  Based upon this, they came to the conclusion that although iron has a greater 
effect on the concentration of phosphorus in their sediments, manganese was a better 
predictor of phosphorus concentrations in a given sample (Bortleson and Lee 1974).  
The carbon content of sediments in an oxygenated system, and especially an 
artificially oxygenated one, could be strongly affected by two processes resulting from 
hypolimnetic oxygenation.  The first is the deposition of organic ligands and the removal 
of organic substances from the water column via oxidized iron and manganese 
complexes.  The second possible effect would be from increased microbial, algal, and 
zoological growth associated with the sediment water interface.   
Schaller et al. (1997) found the use of an artificial oxygenation system in Lake 
Baldeggersee accompanied recolonization of formerly anoxic sediments by Oligochaetae 
and Chironomidae to a depth of 55 m.  Richard B. Russell Lake’s oxygenated forebay is 
47 m, Hartwell Lake’s forebay is 55 m, and J. Strom Thurmond Lake’s forebay is 45 m 
deep (James et al. 1985).  Bioturbation may change the oxygen concentration at the 
sediment water interface leading to enhanced sorption of materials as the sediment 
becomes more oxic.  Oxygenation could also decrease anaerobic use of iron and 
manganese as final electron receptors in respiration as well as hydrogen sulfide 
production as a result of the decomposition of organic matter.  Macpherson et al. (1958) 
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found that organic materials in sediments served as a moderator to phosphate release at 
the more extreme ends of the pH range.  Bortleson and Lee (1974) saw less of a 
correlation between iron and phosphorus in strongly oligotrophic lakes than they saw in 
more eutrophic environments. 
Because of the factors illustrated in the above descriptions, I hypothesized that 
Richard B. Russell Lake acts as a sink for iron, manganese, and phosphorous due to its 
artificial oxygenation system.  The oxygenated hypolimnion that forms in the summer 
months may facilitate the oxidization, precipitation, flocculation, and sedimentation of 
iron and manganese.  When this occurs, if oxic conditions are maintained, the flocs may 
adsorb or bond with phosphorus to create insoluble complexes that would be retained in 
the sediments as long as oxic conditions persist.  The null hypothesis is that Richard B. 
Russell Lake is not serving as an iron, manganese, and phosphorus sink in the Savannah 
River watershed and behaves in a manner similar to the other large reservoirs with 
respect to these materials.  Evidence in support of the hypothesis and reject of the null 
would be that sediments of the Richard B. Russell Lake forebay at the oxygenation 
system had greater iron, manganese, and phosphorous concentrations compared to an 
upstream site in the forebay outside of the influence of the oxygenation system.  Lake 
Hartwell was used as a comparison model because of its upstream location on the 
Savannah River and its similarities to Richard B. Russell and J. Strom Thurmond Lakes.  
Lake Hartwell as a comparison allowed me to infer what conditions might occur in 
Richard B. Russell and J. Strom Thurmond Lakes in the absence of an oxygenation 
system.  If Richard B. Russell Reservoir is sequestering iron, manganese, and 
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phosphorus, then the concentrations of these substances should be significantly higher in 
the forebay of Richard B. Russell Lake at the oxygenation system than in the forebay of 
Lake Hartwell.   If iron, manganese, and phosphorus were being removed from the water 
column by the oxygenation system and sequestered in Richard B. Russell Lake, further 
supporting evidence would be if there was significantly less iron, manganese, and 
phosphorus in the forebay of J. Strom Thurmond Lake than in Lake Hartwell and its 
forebay sediments.  
Study Area and Previous Studies 
Hartwell, Richard B. Russell, and J. Strom Thurmond Lakes are warm 
monomictic lakes with stratification occurring from approximately April until October, 
and fall mixing occurring through November and December (James et al. 1985).  These 
lakes exhibit physical and chemical characteristics that are common for reservoirs in the 
Southeastern United States.  To illustrate these common characteristics as well as the 
differences between the three reservoirs, I have included some brief histories of Hartwell, 
Richard B. Russell, and J. Strom Thurmond Lakes within the following site descriptions.  
All three reservoirs and their relative locations are illustrated in Figure 1.1. 
The study area included Hartwell Lake, which is the northern most reservoir on 
the Savannah River and overlies the origin of the Savannah River (USACE 2007b).  The 
lake extends 79 km up the Tugaloo tributary embayment to Yonah Dam and 72 km up the 
Seneca river mainstem to Keowee Dam, and is dendritic in morphometry (James et al. 
1985).  In 1991, Harwell Dam had an average outflow of 118.36 m3/s (Jabour and Carroll 
1993).  A diagram of Lake Hartwell can be seen in Figure 1.2. 
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Hypolimnetic releases from Lake Hartwell during the stratified period in 1963 
immediately after impoundment had a dissolved oxygen concentration of 0.3 mg/L, and 
the thermocline began at a depth of 6.1 m (USACE 1964).  Summer releases also showed 
 
Figure 1.1: Map of the upper Savannah River system containing the study reservoirs 
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increased concentrations of dissolved iron, manganese, and sulfides (USACE 1964).  In 
1963, biological oxygen demanding materials that entered Lake Hartwell totaled 17,010 
kg per day from July to October (USACE 1964).  Substances exerting biological oxygen 
demand that left Lake Hartwell totaled 10,659.4 kg per day, which left 6,350.3 kg of 
these materials assimilated in the reservoir per day (USACE 1964).  This accompanied 
anoxia in the hypolimnetic waters (USACE 1964).  Dissolved oxygen concentrations 
were 4 mg/L in the epilimnion when fall mixing began in October of 1963, and by 
February 1964 the lake was isothermal and had reached dissolved oxygen saturation 
(USACE 1964). 
Further studies conducted on Lake Hartwell in 1991 (Jabour and Carroll 1993) 
and 1992 (Huffstetler et al. 1993) found an onset of thermal stratification in March of 
1991 and 1992 with an established thermocline by May.  Thermal stratification occurred 
from the headwaters to the dam from May until September in 1991 and 1992 (Jabour and 
Carroll 1993, Huffstetler et al. 1993).  Chemical stratification in terms of dissolved 
oxygen occurred first in the deepest portions of Lake Hartwell at the forebay, but had 
reached half the distance to the headwaters in each arm of the lake in June (Jabour and 
Carroll 1993, Huffstetler et al. 1993).  The hypolimnion in the forebay was anoxic in 
August for both years (Jabour and Carroll 1993, Huffstetler et al. 1993).  During thermal 
stratification, the epilimnion was approximately 24oC to 29oC in 1991, and approximately 
24oC to 30oC in 1992.  The hypolimnion was approximately 14oC to 20oC in 1991 
(Jabour and Carroll 1993) and 12oC to 20oC in 1992 (Huffstetler et al. 1993).   
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 Figure 1.2: Hartwell Reservoir with USACE sampling station numbers 
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Although fall mixing began in October, the deepest portions of the Seneca River 
arm and the forebay remained anoxic until November (Jabour and Carroll 1993, 
Huffstetler et al. 1993). In October in the forebay, the specific conductance was 59 mS 
(Huffstetler et al. 1993).  By the end of November, Lake Hartwell was nearly isothermal 
(Jabour and Carroll 1993, Huffstetler et al. 1993).   
 Richard B. Russell Dam forms the most recent reservoir of the Savannah River 
System, and is located 48 km downstream from Hartwell Dam and 63 km upstream from 
J. Strom Thurmond Dam.  Richard B. Russell Lake has a total length of 45 km.  Two 
tributaries of the Savannah, Rocky River and Beaverdam Creek, have their confluence in 
Richard B. Russell Reservoir.  Rocky River originates in South Carolina 20 km northeast 
of Richard B. Russell Reservoir in Abbeville County and Beaverdam Creek originates 17 
km west northwest of Richard B. Russell Lake in Elbert County, Georgia (James et al. 
1985).  These streams were extensively impounded upon the completion of Richard B. 
Russell Dam and Lake.  Figure 1.3 shows Richard B. Russell Lake with USACE 
sampling station locations and numbers. 
 In March 1984, immediately after impoundment the epilimnion of Richard B. 
Russell Lake had a surface temperature of 14 oC to 15 oC longitudinally from the forebay 
to station 160 to a depth of 1 to 2 m (James et al. 1985).  The bottom temperature was 
approximately 7 oC to 9 oC (James et al. 1985).  Dissolved oxygen was less than 4 mg/L 
below the thermocline at station 120 on 19 March 1984 (James et al. 1985).  Oxygen 
depletion, strong reducing environments, and increased specific conductance in bottom 
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 Oxygenation system 
Figure 1.3: Richard B. Russell Reservoir with USACE sampling station numbers 
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waters were prevalent due to decomposition of inundated organic material (James et al.  
1985).  In April, negative oxidization reduction (redox) potentials were seen throughout 
the Rocky River and Beaverdam Creek embayments of Richard B. Russell Lake.  In 
June, both embayments were anoxic as well as almost all of their lengths in the bottom 
waters (James et al. 1985).  By May 1984, negative redox potentials were seen at station 
120 and at stations 150 and 160 in June (James et al. 1985).  Throughout June and July 
there was a strong thermal stratification with the epilimnion at 30 oC at a depth of 3 to 5 
m (James et al. 1985).  The strongest reducing environment was seen at station 120 on 
July 30th, 1984 and at this point all bottom waters had reducing environments south of 
station 160 (James et al. 1985).  All stations upstream of station 160 had positive redox 
potentials and cooler temperatures resulting from an influx of cooler, oxygenated 
(approximately 5 mg/L or less) water from Lake Hartwell (James et al. 1985).  Specific 
conductance by June 25th, 1984 in the forebay bottom waters was 60 mS and at station 
120 was 71 mS (James et al. 1985).  By July, the specific conductance from the dam to 
station 160 was greater than 50 mS, and on July 30th the bottom waters of Richard B. 
Russell Lake forebay was 90 mS (James et al. 1985).  In September, there was a strong 
thermal and chemical stratification with surface waters having an average temperature of 
22 oC to 24 oC and a dissolved oxygen content of 7 to 8 mg/L (James et al. 1985).  All 
waters from station 160 to the dam from the thermocline to the bottom were anoxic on 
September 30th (James et al. 1985).  
 Fall mixing began in September 1984.  James et al. (1985) found weak thermal 
stratification and some mixing on November 4th when the epilimnion was 17 oC to 20 m, 
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and the forebay had a weak stratification with a thermal gradient of 17.6 oC to 12.1 oC 
from the surface to the bottom respectively (James et al. 1985).  Richard B. Russell Lake 
achieved near isothermal conditions throughout most of the reservoir by December 14th, 
but diminished oxygen conditions prevailed throughout the reservoir from the vertical 
mixing of deep waters (James et al. 1985).  Surface waters to a depth of 20 m had an 
average dissolved oxygen content of 2 to 4 mg/L, and below 20 m the dissolved oxygen 
content was reported as 0 mg/L (James et al. 1985).  Upstream shallower regions of 
Richard B. Russell Lake were mixed approximately one month before the deeper forebay.  
The forebay of Richard B. Russell Lake reached dissolved oxygen saturation at 10 to 11 
mg/L in January 1985, and the entire reservoir was isothermal (James et al. 1985).  Figure 
1.4 shows the dissolved oxygen content in Richard B. Russell Lake for the year of 1984 
when there was no oxygenation system as opposed to 1985, also shown, when artificial 
oxygenation existed (Hains 2001). 
Preliminary tests of the pumped storage system were conducted using four 
pumped storage units in 1996, but no pumped storage was conducted during the years of 
1997 and 1998 (Hains et al. 1999).  In February of 1997 and 1998, the lake was 
isothermal at 9oC with total oxygen saturation (Hains et al. 1999).  During April and 
May, the first signs of thermal stratification and oxygen depletion were observed (Hains 
et al. 1999).  From June through October, the surficial waters had dissolved oxygen 
concentrations of 8.5 mg/L, 6 mg/L was observed at station 180 in the hypolimnion near 
the headwaters, and the hypolimnion was 3 mg/L at the forebay of Richard B. Russell 
Lake (Hains et al. 1999).  In July at the forebay, the epilimnion reached 31 oC and the 
24 
hypolimnion was 13 oC (Hains et al. 1999).  All bottom waters were anoxic from station 
120 to the Richard B. Russell Dam as of July in 1997 and were anoxic from station 165 
to the dam in 1998 (Hains et al. 1999).  Hains et al. (1999) observed that all stations  
Figure 1.4: Dissolved oxygen concentrations for Richard B. Russell Lake from 1984 to 
1999 (Hains 2001) 
 
downstream of station 180 had dissolved oxygen contents of 0.5 mg/L or less in August 
and September of both years.  In September, the epilimnetic temperature was 26 oC and 
the hypolimnetic temperature was 20 oC at the forebay, and in early October the 
temperature gradient was 26 oC to 17 oC surface to bottom, respectively, when mixing 
began (Hains et al. 1999).  Degradation of the thermal stratification continued, and by 
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mid-November the lake was isothermal at 18 oC (Hains et al. 1999).  Hains et al. (1999) 
observed total dissolved oxygen saturation throughout the reservoir in mid-December.  
Figure 1.4 shows the dissolved oxygen concentrations by depth in 1996 when pumped 
storage generation was tested and in the two years prior when Hains et al. (1999) 
conducted their studies. 
J. Strom Thurmond Dam is the largest and the impoundment farthest downstream 
in the series on the Savannah River. Whereas the reservoir is primarily composed of the 
impoundment of the Savannah River, the input of the Broad River that enters from 
Georgia just below Richard B. Russell Dam also contributes to the characteristics of J. 
Strom Thurmond Lake.  Before the impoundment of Richard B. Russell Lake, the largest 
single source of phosphorous to J. Strom Thurmond Lake was the Savannah River.  After 
the impoundment of Richard B. Russell Lake, the Broad River was the greatest source of 
phosphorus (Ashby et al. 1994, Hains et al. 1987).  Two other tributaries are the Little 
River that originates in South Carolina and the Little River that originates in Georgia, 
neither of which have been identified as major sources of loading of iron, phosphorus, 
manganese, or carbon.  A map of J. Strom Thurmond Lake can be seen in Figure 1.5. 
 In 1984 when Richard B. Russell Dam was completed, J. Strom Thurmond Lake 
was thermally stratified at the forebay in July with an epilimnetic temperature of 30oC 
and a hypolimnetic temperature of 14.1oC (James et al. 1985).  Hypolimnetic anoxia and 
chemical stratification only occurred in the forebay and lower mid-lake regions towards 
the end of the summer of 1984.  During early summer stratification, dissolved oxygen 
levels were approximately 3 to 4 mg/L, and these values declined until late summer when  
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Figure 1.5: J. Strom Thurmond Reservoir with USACE sampling station numbers  
 
the dissolved oxygen concentrations reached less than 2.0 mg/L (James et al. 1985). After 
fall mixing when near isothermal conditions had returned, hypolimnetic release waters 
from J. Strom Thurmond Dam were between 8 and 11 mg/L of dissolved oxygen (James 
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et al. 1985).  Dissolved oxygen profiles for J. Strom Thurmond Lake from 1984 to 1988 
can be seen in Figure 1.6 (Hains 2001).   
 
 
Figure 1.6: Dissolved oxygen profiles for J. Strom Thurmond Lake from 1984 to 1988 
 
For 1997 and 1998, by April, the epilimnion was 17oC with a dissolved oxygen 
content of 9 mg/L, and the bottom waters at the forebay were 12oC and had a dissolved 
oxygen concentration of 5 mg/L (Hains et al. 1999).  Thermal stratification, which began 
in April, progressed to June with an epilimnetic temperature of 24oC and a bottom 
temperature of 15 oC at the forebay (Hains et al. 1999).  The dissolved oxygen 
concentrations in June were 3 mg/L in the bottom waters and 8 mg/L or more in the 
epilimnion (Hains et al. 1999).  In July the epilimnetic temperature was 30 oC and the 
bottom waters remained the same as June, while in August the surface waters were 28 oC 
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and the bottom waters rose to 16 oC (Hains et al. 1999).  Dissolved oxygen in July was 
less than 4 mg/L in the forebay at depths greater than 12 m and at stations 25 and 30 at 
depths greater than 8 m (Hains et al. 1999).  All stations north of station 30 were 
approximately 5 mg/L dissolved oxygen due to the effects of the releases from Richard 
B. Russell Dam (Hains et al. 1999).  Hains et al. (1999) described anoxia in the bottom 
waters of the forebay of J. Strom Thurmond Lake as well as at station 25.  Waters deeper 
than 8 m had less than 1 mg/L of dissolved oxygen by August.  The forebay remained 
anoxic until late September at depths greater than 14 m, and station 25 remained anoxic 
at depths greater than 22 m (Hains et al. 1999).  September temperatures at the surface 
were 27 oC and at the bottom were 17 oC, but by early October in 1997 and 1998 the 
surface waters were 23 oC and 25 oC, respectively for 1997 and 1998.  Bottom 
temperatures averaged 19 oC (Hains et al. 1999).   Hains et al. (1999) stated that 
destratification began to occur in October, and by November it was complete with 
December showing isothermal conditions at 10 oC, and by mid-December, the lake was 
fully mixed at 9 mg/L of dissolved oxygen.   
In contrast to conventional operation of the three dams, full scale testing of 
pumped storage in 1996 accompanied differences in both dissolved oxygen and 
temperature profiles compared to 1997 and 1998.  The dissolved oxygen concentrations 
for June through September in 1996 were approximately the same as 1997 and 1998, but 
in October 1996 there was early mixing to 7 mg/L or more dissolved oxygen from the 
mid-lake to the headwaters of J. Strom Thurmond Lake within the first week, and in the 
forebay the thermocline was 24 m deep whereas in 1997 and 1998 it was shallower at 13 
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to 14 m (Hains et al. 1999).  J. Strom Thurmond Lake’s headwaters were warmer in 1996 
due to pumped storage generation (Hains et al. 1999).  In 1997 and 1998, all of J. Strom 
Thurmond Lake was thermally and chemically stratified from the headwaters to the 
forebay, whereas in 1996, only the forebay was stratified and dissolved oxygen 
concentrations of less than 1 mg/L were deeper than 26 m (Hains et al. 1999).  In 1997 
and 1998 the areas of low dissolved oxygen were much greater, and dissolved oxygen 
content of less than 1 mg/L started at 15 m (Hains et al. 1999).   
 CHAPTER II 
 
MATERIALS AND METHODS 
 
Sampling Methods 
 Sampling locations were chosen as shown in Table 2.1, and they cover the 
forebays of the three reservoirs as well as a longitudinal gradient through J. Strom 
Thurmond Lake.  Samples were collected in the summer of 2006.  In addition to the 
initially planned sampling locations, two additional sampling sites were attempted in J. 
Strom Thurmond Lake north of the Broad River input, and one additional surficial 
sediment sample was collected in the forebay of Richard B. Russell Lake.  However, the 
two upstream sites for J. Strom Thurmond Lake yielded insufficient quantities of 
sediment. Moreover, I was unable to collect the surficial sample for Richard B. Russell 
Lake in the manner desired with the equipment available, and what was collected was 
determined to be statistically identical to the other Richard B. Russell Lake forebay 
samples. I therefore combined all the Richard B. Russell Lake forebay samples to make a 
larger sample group.  Sampling sites corresponded to US Army Corps of Engineers 
sampling buoys and previous sampling stations, and will be referred to by their station 
numbers throughout the rest of this document.  GPS positions were taken at sampling 
locations and are listed in Table 2.1. 
I collected five sediment grab samples from each sampling location using a 15 cm 
(6 in) brass Wildco Ekman dredge (Wildco Supply Co., Saginaw, Michigan).  I sampled 
sediments from the original Savannah River bed at the deepest point for each station (the 
thalweg), as that would tend to have the greatest accumulation due to geochemical 
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 Table 2.1: Sampling site locations on Hartwell, Richard B. Russell, and J. Strom 
Thurmond Reservoirs 
Reservoir Location Latitude and Longitude* 
Lake Hartwell USACE Sta. 210 N 34o 21.943’ W 82o 50.124’ 
Lake Richard B. Russell USACE Sta. 120 N 34o 4.212’ W 82o 38.472’ 
Lake Richard B. Russell USACE Sta. 60 N 34o 1.775’ W 82o 35.725’ 
J. Strom Thurmond Lake USACE Sta. 38 N 33o 56.608’, W 82o 31.673’ 
J. Strom Thurmond Lake USACE Sta. 35 N 33o 54.507’, W 82o 29.415’ 
J. Strom Thurmond Lake USACE Sta. 30 N 33o 51.437’, W 82o 23.377’ 
J. Strom Thurmond Lake USACE Sta. 28 N 33o 49.135’, W 82o 19.321’ 
J. Strom Thurmond Lake USACE Sta. 25 N 33o 45.204’, W 82o 15.141’ 
J. Strom Thurmond Lake USACE Sta. 23 N 33o 43.096’, W 82o 14.166’ 
J. Strom Thurmond Lake USACE Sta. 20 N 33o 40.710’, W 82o 12.726’ 
*Taken on location with a GPS unit during sample collection 
 
 
geochemical focusing (Kalff 2002).  At each site and for each grab sample, 1.5 L of 
sediment was taken from the Ekman dredge and stored in acid washed, plastic bottles at 
~10 oC until processing for water, carbon, and metals analysis.  Any Corbicula within the 
sample were removed at the sampling location.  At the time of collection, grab samples 
were observed for general color, consistency, and any unique characteristics, and 
descriptions were recorded.  In the laboratory prior to analysis, the samples collected with 
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 each grab were mixed by tumbling for at least one hour with a glass weight (~ 4 cm x 3 
cm) for subsequent random sub-sampling.  I removed 7 to 10, 10 g (+/- .01 g) aliquots 
from each mixed grab sample, weighed them in tared, acid washed crucibles, and dried 
them at 55 oC for 24 hrs or more to obtain moisture-free samples for subsequent chemical 
analyses. The temperature of 55 oC was chosen from previous studies and because of 
concerns that a higher temperature might cause the loss of constituents of interest.  I 
completed several trials to find the optimal drying time, and based on results concluded 
that 24 hrs was sufficient.  When samples were removed from the drying oven, they were 
placed in a dessicator to cool before reweighing.  Porcelain crucibles were acceptable 
according to the USGS (Skougstad et al. 1979).  All the crucibles were acid washed in 
10% hydrochloric acid to minimize contaminant interferences, rinsed in deionized water, 
and treated in a muffle furnace for no less than 1 hour at 550oC (Skougstad et al. 1979, 
Hankanson and Jansson 2002) prior to adding the sample aliquots.  After 24 hrs, I 
allowed the samples to cool to room temperature and weighed them again to determine 
moisture content.  5 of the 7 to 10 samples were for carbon analysis and were combusted 
in the muffle furnace in the same crucible in which they were dried (Hankanson and 
Jansson 2002).  The remaining 2 to 5 samples were used for metals analysis, and were 
ground into powder employing the crucible the sample was dried in as the mortar and a 
vinyl rod as the pestle.  The samples were then transferred to scintillation vials for dry 
storage and sub-sampling.  All equipment and glassware was cleaned using an acid wash 
and then rinsed in deionized water to prevent contamination.  USGS suggests using 
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 demineralized water, but I used deionized water to fulfill this requirement (Skougstad et 
al. 1979). 
Analytical Methods 
Carbon Content 
 The procedure of Hakanson and Jannson (2002) was used to determine carbon 
content.  After cooling and reweighing for moisture content, I placed samples in a muffle 
furnace at 550 oC for 1 hr.  Trial samples were exposed at 15 min intervals, and by 
calculating the percent difference in weight, I found that there was no significant change 
after 1 hr of exposure.  Samples were removed from the muffle furnace and placed in a 
dessicator where they were allowed to cool prior to reweighing.  The loss on ignition and 
carbon content were calculated using the formulas shown below (Hakanson and Jansson 
2002). 
IG = (DW – DAW)/(DW)) 
C = IG / 2 
IG = Loss on ignition per 1 g of dried sediment, assumed to be organic matter 
DW = Dry weight of sample 
DAW = Weight of sample after 1 hr combustion at 550 oC 
C = Carbon content per 1 g of dried sample, assumed to be 50% of the combusted organic 
matter 
 
According to Hakanson and Jansson (2002), this method of correlation between carbon 
content and loss on ignition is only valid if the overall IG-content is greater than 10% of 
the original sample quantity, and the assumption of a ratio of 1:2 for carbon to organic 
matter is correct.  Previous studies summarized in Hakanson and Jansson (2002) support 
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 this assumption about the carbon to organic matter ratio.  All collected samples met the 
criterion of IG equaling greater than 10% of the original quantity of sediment. 
Digestion and Chemical Analysis 
 Sediments were digested according to the EPA Method 3051A: Microwave 
Assisted Acid Digestion of Sediments, Sludges, Soils, and Oils, Revision 1, (EPA 1998).  
I measured 2 to 5 replicates of 0.1 g each of dried sub-sample (+/- 0.001 g) into tared, 
polyvinyl reaction vessels that I had previously cleaned with concentrated nitric acid.  
Using volumetric pipettes, I added 9 mL of concentrated nitric and 3 mL concentrated 
hydrochloric acid (respectively) to each reaction vessel.  I sealed the vessels and the sub-
samples were digested using an Ethos 900E Microwave Digester (Milestone, Inc. 2003) 
at 900 Watts (Borowski 2003).  Sub-samples were brought to a final temperature of 175 
oC (+ / - 5 oC) within 5 min 30 s and were held at that temperature for 5 min to ensure 
complete digestion.  The microwave chamber was vented with air at room temperature 
for 30 min to cool the reaction vessels before I removed them from the microwave 
digester to a cold-water bath where they cooled for approximately 2 hrs. 
 Once the digested sub-samples had cooled, I opened the reaction vessels slowly to 
prevent the loss of sub-sample.  I poured the sub-samples into 100 mL volumetric flasks 
and diluted to 100 mL with deionized water.  The water used to dilute to 100 mL was 
also used to rinse out the reaction vessel to make sure all sub-sample was transferred to 
the volumetric flask.  I used a volumetric pipette to remove a 10 mL aliquot from the 100 
mL, and diluted the aliquot to 100 mL in another volumetric flask.  This second dilution 
was performed because the initial dilution concentrations of iron and manganese were 
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outside the range of the standard solutions used for the inductively coupled plasma (ICP) 
spectrophotometer.  I centrifuged sub-samples for a minimum of 30 s to remove 
particulates suspended in the sub-sample, and decanted the sample into acid washed 
Nalgene© bottles.  Sub-samples were analyzed by the H.P. Cooper Agricultural Service 
Laboratory at Clemson University for elemental content analysis using ICP 
spectrophotometry with a specific focus on iron, manganese, and phosphorous.   
Analytical Precision 
 I determined precision estimates for water content, carbon, iron, phosphorous, and 
manganese by replicate sampling within location and within grab using a coefficient of 
variance (std. dev. / mean) to determine variation within the data set.  A coefficient of 
variance greater than 15% was considered unacceptable variation within the samples.  If 
the coefficient of variance was below 15% for a particular group, it was assumed that the 
members of the group were statistically similar enough to be considered one group.  A 
coefficient of variance was used to determine precision within all grabs at J. Strom 
Thurmond Lake Station 38 and Richard B. Russell Lake Station 120 for loss on ignition 
and water content, and I have listed these values in Tables 2.2 and 2.3 accordingly.  The 
individual grabs for all sampling locations had an n = 5 for carbon and water content, but 
due to limited availability of ICP analysis, one grab per sampling location was chosen at 
random to have 3 sub-samples removed for ICP analysis to test the precision of the 
methods used for iron, manganese, and phosphorus analysis.  The analysis of variance for 
iron, manganese, and phosphorus can be seen in Tables 2.2 and 2.3 for J. Strom 
Thurmond Lake Station 38 Grab 2 and Richard B. Russell Lake Station 120 Grab 1.
 Table 2.2: Descriptive statistics and a coefficient of variance test for homogeneity for J. Strom Thurmond Lake station 38. 
 
 Location     
% Water Loss JST38 Grab 1 JST38 Grab 2 JST38 Grab 3 JST38 Grab 4 JST38 Grab 5 
Mean 74.06 71.35 72.42 72.94 73.51 
Standard Deviation 0.07069 0.03428 0.05667 0.05091 0.1344 
Sample Variance 0.004997 0.001175 0.003211 0.002592 0.01807 
Coefficient of Var. (%) 0.09545% 0.04804% 0.07825% 0.0698% 0.1829% 
Count 5 10 5 5 5 
% Loss on Ignition      
Mean 12.82 12.36 11.15 10.51 12.43 
Standard Deviation 0.08961 0.2038 0.1212 0.2273 0.2141 
Sample Variance 0.008029 0.04151 0.01469 0.05167 0.04584 
Coefficient of Var. (%) 0.699% 1.649% 1.087% 2.164% 1.723% 
Count 5 10 5 5 5 
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Chemical Constituents Fe Mn P 
Location: JST 38 Grab 2    
Mean 7.422 0.370 0.110 
Standard Deviation 0.05707 0.00208 0.00265 
Sample Variance 0.003257 4.33E-06 .007E-03 
Coefficient of Var. (%) 0.7689% 0.562% 2.41% 
Count 3 3 3 
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Table 2.3: Descriptive statistics and a coefficient of variance test for homogeneity for Richard B. Russell Lake station 120. 
 
 Location     
% Water Loss RBR 120 Grab 1 RBR 120 Grab 2 RBR 120 Grab 3 RBR 120 Grab 4 RBR 120 Grab 5 
Mean 79.44 79.41 79.72 81.53 81.03 
Standard Deviation 0.06172 0.04587 0.02652 0.01732 0.02286 
Sample Variance 0.003809 0.002104 0.000703 0.000300 0.000522 
Coefficient of Var. (%) 0.0777% 0.0578% 0.0333% 0.0212% 0.0282% 
Count 5 5 5 5 5 
% Loss on Ignition      
Mean 14.04 14.43 14.05 14.40 14.57 
Standard Deviation 0.06725 0.03017 0.06960 0.1133 0.06999 
Sample Variance 0.004522 0.0009104 0.004845 0.01284 0.004898 
Coefficient of Var. (%) 0.4790% 0.2091% 0.4953% 0.7866% 0.4805% 
Count 5 5 5 5 5 
 
 
Chemical Constituents Fe  Mn  P  
Location: RBR 120 Grab 1   
Mean 7.085 0.180 0.122 
Standard Deviation 0.3884 0.00351 0.00702 
Sample Variance 0.1508 1.23E-05 4.93E-05 
Coefficient of Var. (%) 5.482% 1.95% 5.77% 
Count 3 3 3 
 These statistical tests were conducted using an alpha = 0.05 and a 95% confidence level.  
Based on the results seen in Tables 2.2 and 2.3, tumbling for 1 hr as described above was 
sufficient to mix the samples such that random sub-sampling would yield sub-samples 
representative of the sample as a whole for the variables under consideration.  Because of 
this, individual data points could be combined per sampling location and only the mean 
or median value used. 
Data Analysis 
 An analysis of variance was conducted between all sampling locations and a 
Fisher’s Least Significant Difference test (Ott and Longnecker 2001) was used to 
determine statistical difference with an alpha = 0.05 and a confidence level of 95% 
between any two sampling locations for a given variable.  The statistical analysis 
software package add-in for Microsoft Excel (Microsoft Inc., 2000) was used for the 
descriptive statistics for each location and the analysis of variance for each variable.  I 
compared the three forebays and the additional control at USACE Station 120 with one 
another as well as a comparison between all the longitudinal sites on J. Strom Thurmond 
Lake.  In the Results section, two representations of the data are given in two figures per  
variable.  The first figure for any given variable shows the median value for the data set 
for each of the sampling locations as individual points connected by a line.  The points 
each lie within a bar that represents the 2nd and 3rd quartile range for the set.  The line 
extending upward from the bar represents the 4th quartile range, and the line extending 
below the bar shows the 1st quartile range.  The second figure shown for each variable 
shows the mean for each sampling location connected by a line.  The bars extending 
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above and below the mean data points show the standard error with a confidence level of 
95%.  Each variable tested also has two tables associated with it in the Results section.  
The first table shows the results of the analysis of variance for all sites for a given 
variable, and the second table shows the statistical results for the Fisher’s Least 
Significant Difference tests based upon the results from the analysis of variance. 
CHAPTER III 
 
RESULTS 
 
Qualitative Characteristics 
 
 Before sediments were homogenized, I noted that all the grabs except for station 
25 had deep orange red colored sediment on the lid of the jar and the same color in the 
sediment on the very surface of the sample.  Grab number 3 from station 210 had 
approximately 2 cm of bright orange red sediment at the top, then a dark black zone, and 
the bottom 10 cm of the sample was a mottled tan and black.  Most of the samples, 
however, had an orange, rust colored zone at the very top of approximately 1-3 cm, and 
below that the sample was a mottled tan/gray with black splotches.  Black splotches 
ranged from 3 mm to 2 cm in diameter.  The grab samples from J. Strom Thurmond Lake 
all showed signs of bioturbation in varying degrees (not just by site but by grab) except 
for the forebay grabs.  There were no obvious signs of bioturbation for Lake Hartwell or 
Richard B. Russell Lake forebay sediments, and very little at station 120 of Richard B. 
Russell Lake. 
Quantitative Characteristics 
 
Carbon Content 
 The organic component of the sediment was represented as carbon, expressed as a 
fraction of the mass loss on ignition.  Prior to incineration, the dried sediments had a tan 
gray color, and when I removed them after 1 hr at 550oC they were a bright orange red, 
“terra cotta” color.  Carbon content calculated for all sites is presented in Figures 3.1 and 
3.2.  Figure 3.1 shows the 2nd and 3rd quartiles as a bar and the 1st and 4th quartiles as lines 
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extending from the bottom and the top, respectively, to the extreme values of the set.  The 
points represent the median values for each site’s data set.  The greatest range of the 
middle two quartiles was seen at station 38, followed by station 210 and then station 60.  
Figure 3.2 shows the mean values for each site, and the bars represent the standard error.  
The greatest standard error was seen at stations 38 and 210.  The analysis of variance is 
shown in Table 3.1, and Fisher’s Least Significant Difference test results are listed in 
Table 3.2.  Carbon was greatest at station 120 in the Richard B. Russell Lake forebay, 
and was least at station 38 in J. Strom Thurmond Lake followed by station 23.  Lake 
Hartwell’s forebay had no significant difference in carbon content from station 60 in the 
Richard B. Russell Lake forebay, station 20 in the J. Strom Thurmond Lake forebay, or 
stations 35 and 30.  Lake Hartwell sediment organic content was significantly greater 
than stations 38, 28, 25, and 23 as were stations 35 and 30.  Stations 35 and 30 were, 
however, significantly less than station 20 in the J. Strom Thurmond Lake forebay.  A 
decreasing gradient was observed from station 35 to station 23 in J. Strom Thurmond 
Reservoir before increasing sharply in the forebay.   
Total Iron 
 The iron data from all 10 grabs at station 60 were combined because of the low 
variance among them.  In Figure 3.3, iron is compared across sampling stations using 
quartiles.  Figure 3.4 shows the mean values for each sampling location as well as the 
standard error.  Tables 3.3 and 3.4 show the results of the analysis of variance and 
Fisher’s Least Significant Difference for the mean iron contents at each location, 
respectively. 
 Carbon 
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*Values are expressed in mg C per 1 gram dry weight of sediment. 
Figure 3.1: Quartile ranges and median values for carbon content of sediments for all sampling locations 
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*Values are expressed in mg C per 1 gram dry weight of sediment. 
Figure 3.2:  Mean values and standard error for carbon content of sediments for all sampling locations 
 
 Table 3.1: ANOVA for carbon content for all sampling locations 
SUMMARY        
Groups Count Sum Average Variance    
Sta. 210 15 1035 69.02 9.867    
Sta. 120 25 1787 71.49 1.302    
Sta. 60 50 3436 68.72 6.075    
Sta. 38 30 1790 59.68 18.17    
Sta. 35 24 1638 68.27 1.206    
Sta. 30 25 1704 68.16 1.215    
Sta. 28 25 1651 66.05 3.038    
Sta. 25 25 1617 64.67 1.232    
Sta. 23 24 1497 62.36 4.578    
Sta. 20 25 1748 69.91 6.267    
        
        
ANOVA        
Source of Variation SS df MS t-a/2 F P-value F crit 
Between Groups 3269.07 9 363.23 1.650781 66.504 3.83E-62 1.916277 
Within Groups 1409.138 258 5.461777     
 
 
*If F > F crit then not all means are the same     
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Table 3.2: Fisher’s Least Significant Difference comparisons for carbon content for all sampling locations 
Groups   Sta. 210 Sta. 120 Sta. 60 Sta. 38 Sta. 35 Sta. 30 Sta. 28 Sta. 25 Sta. 23 Sta. 20 
 Count   15 25 50 30 24 25 25 25 24 25 
  Average (mg) 69.02 71.49 68.72 59.68 68.27 68.16 66.05 64.67 62.36 69.91 
Sta. 210 15 69.02 L: 1.409 D: 2.473 L: 1.136 D: 9.334 L: 1.27 L: 1.26 D: 2.97 D: 4.35 D: 6.661 L: 1.26 
Sta. 120 25 71.49  L: 1.091 D: 2.768 D: 11.81 D: 3.223 D: 3.33 D: 5.443 D: 6.823 D: 9.134 D: 1.584
Sta. 60 50 68.72   L: 0.772 D: 9.039 L: 0.958 L: 0.945 D: 2.675 D: 4.055 D: 6.366 D: 1.184
Sta. 38 30 59.68    L: 0.996 D: 8.585 D: 8.478 D: 6.364 D: 4.984 D: 2.673 D: 10.22
Sta. 35 24 68.27     L: 1.114 L: 1.103 D: 2.221 D: 3.601 D: 5.912 D: 1.638
Sta. 30 25 68.16      L: 1.091 D: 2.114 D: 3.494 D: 5.805 D: 1.745
Sta. 28 25 66.05       L: 1.091 D: 1.38 D: 3.691 D: 3.859
Sta. 25 25 64.67        L: 1.091 D: 2.311 D: 5.239
Sta. 23 24 62.36         L: 1.114 D: 7.55 
Sta. 20 25 69.91          L: 1.091
 
*If Y1-Y2 > LSD, then means are significantly different and the difference between the means is presented as D: value (in red).  
 If Y1-Y2 < LSD, then the difference between the LSD and the Y1-Y2 is represented as L: value
  Station 60 in the forebay of Richard B. Russell Lake had the greatest overall mean 
iron content, followed by station 210 in Hartwell Lake, and station 20 in J. Strom 
Thurmond Lake’s forebay.  Station 120, located between stations 60 and 210, was not 
significantly different from any other stations other than the forebays, which were 
significantly greater in content than 120.  The next least iron content compared to J. 
Strom Thurmond Lake forebay was station 35, which was in greater than stations 28 
through 23, but not significantly different from stations 38 or 30.  Stations 38, 28, 25, and 
23 have no significant difference between them, although a slight decreasing trend can be 
seen from station 35 to station 25 before increasing again at station 23 in Figures 3.3 and 
3.4. 
Total Phosphorus 
 Total phosphorus is displayed in Figures 3.5 and 3.6.  Lake Hartwell’s forebay 
showed significantly less phosphorus that the forebay of Richard B. Russell Lake at both 
stations 60 and 120.  Station 210 was greater than stations 30 through 20, but was not 
statistically different from stations 38 and 35.  Station 60 in Richard B. Russell Reservoir 
had the greatest content of phosphorus of all sites sampled, and was followed by station 
120 although this location was not significantly different from station 38 in J. Strom 
Thurmond Lake.  Phosphorus content decreased moderately from station 38 to station 20, 
and the phosphorous content at the forebay in J. Strom Thurmond Lake is not 
significantly different from stations 30 through 23.  Analysis of variance and Fisher’s 
Least Significant Difference results can be found in Tables 3.5 and 3.6. 
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Total Manganese 
 Lake Hartwell had the least amount of manganese of any location sampled.  There 
was no significant difference between stations 120 and 60 in the Richard B. Russell Lake 
forebay, but station 120 was significantly less than all other stations other than the Lake 
Hartwell forebay.  Station 60 in Richard B. Russell Lake, and stations 30, and 28 in J. 
Strom Thurmond Lake showed no significant difference, while stations 35 and 38 were 
greater.  Manganese content increases by an order of magnitude in the northern most 
portion of the forebay of J. Strom Thurmond Lake.  Station 23 has the greatest 
manganese content of all sites sampled followed by stations 25 and 20, respectively.  
These values and the results from the statistical analysis tests can be seen in Figures 3.7 
and 3.8 as well as in Tables 3.7 and 3.8.  Because of the magnitude of the increase in 
manganese in the J. Strom Thurmond Lake forebay, a second analysis of variance and 
Fisher’s Test for Least Significant Difference was preformed for station 210 in the 
Hartwell Lake forebay, and stations 120 and 60 in Richard B. Russell Lake.  These 
results can be seen in Tables 3.9 and 3.10 and in Figures 3.9 and 3.1
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*Values are expressed in mg Fe per 1 gram dry weight of sediment. 
Figure 3.3: Quartile ranges and median values for iron content of sediments for all sampling locations 
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*Values are expressed in mg Fe per 1 gram dry weight of sediment. 
Figure 3.4: Mean values and standard error for iron content of sediments for all sampling locations 
 
 
 Table 3.3: ANOVA for iron content for all sampling locations 
SUMMARY        
Groups Count Sum Average Variance    
Sta. 210 14 1279 91.33 94.18    
Sta. 120 11 813.7 73.97 15.46    
Sta. 60 24 2278 94.91 26.68    
Sta. 38 11 814.2 74.02 8.254    
Sta. 35 12 933.8 77.82 6.104    
Sta. 30 13 982.6 75.58 44.73    
Sta. 28 11 803.8 73.07 30.13    
Sta. 25 11 776.6 70.60 49.65    
Sta. 23 12 873.8 72.82 16.09    
Sta. 20 11 907.2 82.47 7.434    
        
        
ANOVA        
Source of Variation SS df MS ta/2 F P-value F crit 
Between Groups 10392 9 1154.667 1.65765 37.16524 1.14E-30 1.958764 
Within Groups 3728.216 120 31.06847     
        
      
*If F > Fcrit, then not all of the means are the same.     
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Table 3.4: Fisher’s Least Significant Difference comparisons for iron content for all sampling locations 
Groups   Sta.210 Sta.120 Sta.60 Sta.38 Sta.35 Sta.30 Sta.28 Sta.25 Sta.23 Sta.20 
 Count  14 11 24 11 12 13 11 11 12 11 
    Average (mg) 91.33 73.97 94.91 74.02 77.82 75.58 73.07 70.60 72.82 82.47 
Sta.210 14 91.33 L: 3.492 D: 17.35 D: 3.585 D: 17.31 D: 13.51 D: 15.74 D: 18.25 D: 20.72 D: 18.51 D: 8.856
Sta.120 11 73.97  L: 3.94 D: 20.94 L: 3.94 L: 3.857 L: 3.785 L: 3.94 L: 3.94 L: 3.857 D: 8.498
Sta.60 24 94.91   L: 2.667 D: 20.89 D: 17.09 D: 19.33 D: 21.84 D: 24.31 D: 22.1 D: 12.44
Sta.38 11 74.02    L: 88.33 L: 3.857 L: 3.785 L: 3.94 L: 3.94 L: 3.857 D: 8.449
Sta.35 12 77.82     L: 3.772 L: 3.699 D: 4.749 D: 7.218 D: 5.005 D: 4.649
Sta.30 13 75.58      L: 3.624 L: 3.785 D: 4.982 L: 3.699 D: 6.886
Sta.28 11 73.07       L: 3.94 L: 3.94 L: 3.857 D: 9.398
Sta.25 11 70.60        L: 3.94 L: 3.857 D: 11.87
Sta.23 12 72.82         L: 3.772 D: 9.654
Sta.20 11 82.47          L: 3.94
 
*If Y1-Y2 > LSD, then means are significantly different and the difference between the means is presented as D: value (in red).  
 If Y1-Y2 < LSD, then the difference between the LSD and the Y1-Y2 is represented as L: value 
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*Values are expressed in mg P per 1 gram dry weight of sediment. 
Figure 3.5: Quartile ranges and median values for phosphorus content of sediments for all sampling locations 
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*Values are expressed in mg P per 1 gram dry weight of sediment. 
Figure 3.6: Mean values and standard error for phosphorus content of sediments for all sampling locations 
 
 Table 3.5: ANOVA for phosphorus content for all sampling locations 
SUMMARY        
Groups Count Sum Average Variance    
Sta.210 14 16.5 1.18 0.0204    
Sta.120 11 13.8 1.25 0.00380    
Sta.60 24 31.6 1.32 0.00341    
Sta.38 11 13.4 1.22 0.00868    
Sta.35 12 14.3 1.19 0.0166    
Sta.30 13 14.3 1.10 0.00783    
Sta.28 11 11.9 1.08 0.00537    
Sta.25 11 11.3 1.03 0.00789    
Sta.23 12 12.0 1.00 0.00375    
Sta.20 11 11.7 1.06 0.00305    
        
        
ANOVA        
Source of Variation SS df MS ta/2 F P-value F crit 
Between Groups 1.453818 9 0.161535 1.65765 20.40675 1.88E-20 1.958764 
Within Groups 0.949893 120 0.007916     
        
*If F > Fcrit, then not all of the means are the same.     
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Table 3.6: Fisher’s Least Significant Difference comparisons for phosphorus content for all sampling locations 
Groups   Sta.210 Sta.120 Sta.60 Sta.38 Sta.35 Sta.30 Sta.28 Sta.25 Sta.23 Sta.20 
 Count  14 11 24 11 12 13 11 11 12 11 
    Average (mg) 1.18 1.25 1.32 1.22 1.19 1.10 1.08 1.03 1.00 1.06 
Sta.210 14 1.18 L: 0.056 D: 0.078 D: 0.141 L: 0.059 L: 0.058 D: 0.08 D: 0.095 D: 0.146 D: 0.173 D: 0.117
Sta.120 11 1.25  L: 0.063 D: 0.063 L: 0.063 D: 0.065 D: 0.157 D: 0.173 D: 0.224 D: 0.251 D: 0.195
Sta.60 24 1.32   L: 0.043 D: 0.1 D: 0.128 D: 0.221 D: 0.236 D: 0.287 D: 0.314 D: 0.258
Sta.38 11 1.22    L: 0.063 L: 0.062 D: 0.12 D: 0.136 D: 0.187 D: 0.214 D: 0.158
Sta.35 12 1.19     L: 0.06 D: 0.093 D: 0.108 D: 0.159 D: 0.186 D: 0.13 
Sta.30 13 1.10      L: 0.058 L: 0.06 D: 0.066 D: 0.093 L: 0.06 
Sta.28 11 1.08       L: 0.063 L: 0.063 D: 0.078 L: 0.063
Sta.25 11 1.03        L: 0.063 L: 0.062 L: 0.063
Sta.23 12 1.00         L: 0.06 L: 0.062
Sta.20 11 1.06          L: 0.063
 
*If Y1-Y2 > LSD, then means are significantly different and the difference between the means is presented as D: value.  
 If Y1-Y2 < LSD, then the difference between the LSD and the Y1-Y2 is represented as L: value
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*Values are expressed in mg Mn per 1 gram dry weight of sediment. 
Figure 3.7: Quartile ranges and median values for manganese content of sediments for all sampling locations 
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*Values are expressed in mg Mn per 1 gram dry weight of sediment. 
Figure 3.8: Mean values and standard error for manganese content of sediments for all sampling locations 
 
 Table 3.7: ANOVA for manganese content for all sampling locations 
SUMMARY        
Groups Count Sum Average Variance    
Sta.210 14 13.2 0.940 0.0161    
Sta.120 11 18.2 1.65 0.0277    
Sta.60 22 48.6 2.21 0.0371    
Sta.38 11 42.9 3.90 0.0886    
Sta.35 12 56.1 4.67 0.382    
Sta.30 10 26.7 2.67 0.0261    
Sta.28 11 26.2 2.38 0.0549    
Sta.25 11 150.0 13.6 2.21    
Sta.23 10 165 16.5 5.84    
Sta.20 11 125 11.3 1.46    
        
        
ANOVA        
Source of Variation SS df MS ta/2 F P-value F crit 
Between Groups 3225.167 9 358.3519 1.65845 419.9607 1.71E-82 1.963727 
Within Groups 96.42275 113 0.853299     
        
*If F > F crit then not all means are the same    
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 Table 3.8: Fisher’s Least Significant Difference comparisons for manganese content for all sampling locations 
Groups   Sta.210 Sta.120 Sta.60 Sta.38 Sta.35 Sta.30 Sta.28 Sta.25 Sta.23 Sta.20 
 Count  14 11 22 11 12 10 11 11 10 11 
  Average (mg) 0.940 1.65 2.21 3.90 4.67 2.67 2.38 13.63 16.49 11.34 
Sta.210 14 0.940 L: 0.579 D: 0.712 D: 1.27 D: 2.96 D: 3.73 D: 1.73 D: 1.44 D: 12.7 D: 15.6 D: 10.4 
Sta.120 11 1.65  L: 0.653 L: 0.566 D: 2.25 D: 3.02 D: 1.02 D: 0.729 D: 12.0 D: 14.8 D: 9.68 
Sta.60 22 2.21   L: 0.462 D: 1.69 D: 2.46 L: 0.58 L: 0.566 D: 11.4 D: 14.3 D: 9.13 
Sta.38 11 3.90    L: 0.653 D: 0.773 D: 1.23 D: 1.52 D: 9.73 D: 12.6 D: 7.44 
Sta.35 12 4.67     L: 0.625 D: 2.0 D: 2.29 D: 8.96 D: 11.8 D: 6.66 
Sta.30 10 2.67      L: 0.685 L: 0.669 D: 11.0 D: 13.8 D: 8.66 
Sta.28 11 2.38       L: 0.653 D: 11.3 D: 14.1 D: 8.96 
Sta.25 11 13.63        L: 0.653 D: 2.86 D: 2.29 
Sta.23 10 16.49         L: 0.685 D: 5.16 
Sta.20 11 11.34          L: 0.653
60
 
*If Y1-Y2 > LSD, then means are significantly different and the difference between the means is presented as D: value (in red).  
 If Y1-Y2 < LSD, then the difference between the LSD and the Y1-Y2 is represented as L: value 
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* Values are expressed as mg Mn per 1 gram dry weight of sediment. 
Figure 3.9: Quartile ranges and median values for manganese content of sediments across stations 210, 120, and 60 
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* Values are expressed as mg Mn per 1 gram dry weight of sediment. 
Figure 3.10: Mean values and standard error for manganese content of sediments across stations 210, 120, and 60 
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Table 3.9: ANOVA for manganese content for stations 210, 120, and 60 
SUMMARY        
Groups Count Sum Average Variance    
Sta.210 14 13.2 0.940 0.0161    
Sta.120 11 18.2 1.65 0.0277    
Sta.60 22 48.6 2.21 0.0371    
        
ANOVA        
Source of Variation SS df MS ta/2 F P-value F crit 
Between Groups 13.84217 2 6.921087 1.68023 240.8256 2E-24 3.209279953 
Within Groups 1.264516 44 0.028739     
*If F > F crit then not all means are the same    
 
Table 3.10: Fisher’s Least Significant Difference comparisons for manganese content for stations 210, 120, and 60 
Groups   Sta.210 Sta.120 Sta.60 
 Count  14 11 22 
  Average (mg) 0.940 1.65 2.21 
Sta.210 14 0.940 L: 0.108 D: 0.712 D: 1.27 
Sta.120 11 1.65  L: 0.121 D: 0.558 
Sta.60 22 2.21   L: 0.086 
 
*If Y1-Y2 > LSD, then means are significantly different and the difference between the means is presented as D: value (in red).  
* If Y1-Y2 < LSD, then the difference between the LSD and the Y1-Y2 is represented as L: value 
CHAPTER IV 
DISCUSSION 
 During anoxic conditions in the water column, iron in its soluble Fe (II) (ferrous) 
form may become oxidized to form Fe (III) (ferric) oxyhydroxides (FeOOH and Fe2O3), 
which precipitate out of solution and flocculate upon the introduction of oxygen 
(Mortimer 1941, Kalff 2002).  Upon flocculation, phosphorus may strongly sorb to the 
surface of the floc where it forms an insoluble complex or bond with iron to create FePO4 
under oxic conditions (Mortimer 1941, Mortimer 1942, Kalff 2002).  Carbon can also 
strongly bond to form organic ligands or sorb to form organic ferric oxyhydroxide 
complexes.  Early studies on this topic concluded that when these flocs reached the 
sediment water interface, the constituents could no longer be returned to the water 
column for cycling if the bottom waters were oxic (Mortimer 1941, Mortimer 1942, 
Einsele 1938).  If these conditions are present and the iron to phosphorus ratio is great, 
then any unbound phosphorus reaching the bottom waters could be adsorbed to the iron 
flocs and sequestered in the sediment (Mortimer 1941 and Mortimer 1942).  Should any 
phosphorus be liberated by chemical or biological processes in the deep sediments and 
move to the surface, that phosphorus could be adsorbed to the iron flocs at the sediment 
water interface rather than be released into the water column (Kalff 2002).  If this 
mechanism is occurring, then phosphorus is being removed from the water column, and 
its reentry into the water column from the sediments is being suppressed.  Under anoxic, 
reducing conditions in the bottom waters and at the sediment water interface, FePO4 
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might dissociate to form Fe (II) and PO4- and phosphorus adsorbed to flocs could be 
released (Mortimer 1941, Mortimer 1942). 
Later studies showed that the actual processes occurring were less permanent, and 
that biotic interactions in addition to chemical interactions played a strong roll in the 
recycling of phosphorus and iron in aquatic systems (Lovley 1991).  Facultative 
anaerobes can use iron oxyhydroxides as electron acceptors in the oxidation of organic 
material (Lovley 1991).  In doing so, they convert insoluble Fe (III) to soluble Fe (II) by 
the chemical reactions shown below: 
(CH2O)106(NH3)16(H3PO4) + 212 Fe2O3 + 848 H+              424 Fe2+ + 106 CO2 + 16 NH3 
+ H3PO4 + 530 H2O 
(CH2O)106(NH3)16(H3PO4) + 424 FeOOH + 848 H+              424 Fe2+ + 106 CO2 + 16 
NH3 + H3PO4 + 742 H2O 
Fe2O3 is utilized first because of the greater difference in free energy.  Once this iron is 
released in its ferrous (Fe (II)) form, it can be transported by horizontal eddy diffusion 
and hypolimnetic currents in a process known as geochemical focusing (Mortimer 1941, 
Kalff 2002, Schaller et al. 1997).  If the remobilized iron comes into contact with 
oxygenated water, it will again precipitate, flocculate, and settle to the sediment surface.  
Because these reservoirs are flooded river valleys, they have sloped bottom 
morphometries in a wedge shape with the deepest areas at the forebay.  As iron re-
precipitates and settles, gravity will cause the particles to settle in progressively deeper 
portions of the lake through sediment focusing.  Remobilized iron may also be used by 
members of the genus Siderocapsa in the mediated oxidation of organic material to again 
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release Fe (III) into the water column to flocculate (Kalff 2002).  Manganese can undergo 
many of the aforementioned processes that affect iron (Mortimer 1941, Mortimer 1942, 
Lovley 1991).  Manganese oxidizes at a much greater redox potential, but it will still 
form organic ligands and phosphate complexes upon oxidation and precipitation (Kalff 
2002, Bortleson and Lee 1974, Mortimer 1941, Mortimer 1942).  However, iron is much 
more likely to form organic ligands whereas manganese is more often found in inorganic 
flocs (Urban et al. 1990). 
 During thermal stratification in Lake Hartwell and J. Strom Thurmond Lake, a 
chemical stratification of oxygen also takes place and an anoxic hypolimnion develops.  
Iron in the hypolimnion may occur in its Fe (II) form in the water column, and is 
unassociated with phosphorus or carbon.  With the operation of the artificial oxygenation 
system in Richard B. Russell Lake, although a thermocline develops, chemical 
stratification nevertheless is weak and the hypolimnion is oxic.  Oxygen in the 
hypolimnetic water in Richard B. Russell Lake should cause iron to become oxidized, 
precipitate out of solution, flocculate, and settle to the bottom sediment.  If this happens, 
phosphorus could adsorb to the flocs, or bond with Fe (III) to form FePO4.  Carbon may 
also sorb to the surface of the floc or form organic ligands.  These particles should then 
settle to the sediment surface where they will accumulate over time.  If the oxygenation 
system is causing these processes to take place and the processes of geochemical and 
sediment focusing are at work, then Richard B. Russell lake should have a greater iron 
sediment content than Lake Hartwell.  J. Strom Thurmond Lake, downstream from the 
oxygenation system, should have less sediment iron content than Lake Hartwell or 
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Richard B. Russell Lake.  My observations were consistent with this hypothesis.  The 
Richard B. Russell Lake forebay had significantly greater iron content than the Lake 
Hartwell forebay, and the Lake Hartwell forebay had significantly greater iron content 
than J. Strom Thurmond Reservoir forebay.   
In J. Strom Thurmond Lake, stations downstream had significantly less iron than 
upstream at station 35.  There are several possible explanations for this.  Station 35 is 
located just below the mouth of the Broad River, so it is possible that the increase is due 
to allochthonous sources, or the increase could be from the eventual settling to the 
sediment of iron flocs from Richard B. Russell Reservoir that were entrained and released 
downstream during generation.  The larger sized flocculent particles could also sediment 
out of the water column before reaching the forebay.  One approach to eliminate the 
possibility of an allochthonous source was proposed by Schaller et al. (1997) who 
suggested that if an element could be found that could only enter the system through 
allochthonous input (as opposed to internal loading), and its concentration in the 
sediment correlated to the iron concentration, then it could be assumed that the iron 
entered the system through allochthonous sources as well.  In the case of the 
Baldeggersee system, the tracer was lanthanum (Schaller et al. 1997).  Ashby (1987) 
showed particle size at the mouth of the Broad River to be large (12 µm), but decreasing 
sharply to 8.5 µm around station 35, which is approximately the same sediment particle 
size he found in the forebay of J. Strom Thurmond Lake.  This could be an indicator of an 
allochthonous source of fine clay and associated iron, but much further analysis, such as a 
direct comparison of particle size to iron content would be necessary to resolve this.  If 
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the increased iron is not from the Broad River, the next test could be to determine if the 
iron is from flocculated or colloidal iron originating from Richard B. Russell Lake, 
discharged during generation.   
 Huffstetler (1995) measured the sedimentation rates of iron, manganese, and 
phosphorus in the forebay and the tailrace of Richard B. Russell Lake (stations 120, 100, 
60, 40, and 38) from April 1988 to November 1989.  The oxygenation system was 
operated during the summer months of Huffstetler’s (1995) study, and the dissolved 
oxygen concentrations in the forebay are shown in Figure 1.4.  Huffstetler (1995) 
collected more iron and phosphorus in her sediment traps at stations 40 (above the Broad 
River) and 38 in J. Strom Thurmond Lake than she collected in her traps over the same 
time period at stations 60, 100, or 120 in Richard B. Russell Lake.  However, strong 
increases in the amount of each element trapped in Richard B. Russell Lake occurred at 
the time of fall mixing when hypolimnetic water was mixing to the surface.  Strong 
increases in the tailrace traps coincided with implementation of artificial oxygenation as 
well as with increases in oxygen in the discharge (Huffstetler 1995).  This is consistent 
with a process in which precipitated iron and phosphorus were escaping Richard B. 
Russell Lake through the outflow and were being deposited in the headwaters of J. Strom 
Thurmond Lake.   
Huffstetler (1995) did mention that there was additional turbulence during her 
sampling period in J. Strom Thurmond Lake due to a drought, lowered surface elevations, 
and small conveyance for the hydroelectric releases.  She stated that much of the 
sediment on the bottom of the lake was churned up and old sediments were exposed.  A 
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sediment study of the headwaters of Lake Hartwell would be a useful comparison as well 
as a study of J. Strom Thurmond Lake’s headwaters without drought conditions to test 
the hypothesis more thoroughly that the increased elemental content occurred from the 
outflow of hypolimnetic, oxygenated water from Richard B. Russell Lake and not from 
other sources.  My results of significantly greater amounts of iron and phosphorus at 
station 60 in the Richard B. Russell Lake forebay would imply that accumulation 
happened at this location at a greater rate than at station 38 in the upstream portions of J. 
Strom Thurmond Lake.  These results would be consistent with the hypothesis of 
geochemical focusing, where iron and phosphorus would display stronger horizontal 
movement in the forebay than they would vertical movement (Schaller et al. 1997 Kalff 
2002).    These data could support the assertion that Huffstetler’s (1995) observation of 
greater iron and phosphorus sedimentation at station 38 was a result of the meteorological 
and limnological conditions present during her study period.  If that were the not 
situation, I would expect to continue to see more iron and phosphorus in J. Strom 
Thurmond Lake, especially in the upstream regions near station 38, than in the Richard 
B. Russell Lake forebay.  This was not what I observed. 
 Ashby’s (1987) survey of the sediments of J. Strom Thurmond Reservoir showed 
that there was a significant correlation between iron and phosphorous, and that the 
concentrations of iron and phosphorus, in general, increased from the headwaters to J. 
Strom Thurmond Dam.  He also stated that because of this gradient and the 
oxidization/reduction potential in J. Strom Thurmond Lake, he believed that cycling was 
not taking place between the two elements.  My results, however, showed a significant 
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increase in concentration at station 35 (37 km from J. Strom Thurmond Dam) and a 
significant increase at the forebay.  There were no significant differences for iron content 
among the sampling stations between those two locations.  The values for iron decreased 
from station 35 towards the forebay before greatly increasing at the forebay.  The results 
at station 35 would support a hypothesis that larger flocs released from Richard B. 
Russell during generation would be deposited in the sediments further upstream.  The 
sediment content of the samples I collected at the forebay of J. Strom Thurmond Lake is 
consistent with a hypothesis of geochemical focusing of iron and phosphorus towards the 
deepest parts of the lake.  These results could refute Ashby’s (1987) hypothesis that 
geochemical cycling of iron and phosphorus is not taking place in J. Strom Thurmond 
Lake. 
The values for phosphorus showed a similar relationship, although there was a 
less significant increase at the J. Strom Thurmond Lake forebay (station 20).  Phosphorus 
showed an increase at station 35 as did iron.  However, there was also a significant 
difference between the sampling locations, displaying a gradual decrease in phosphorus 
content to station 23.  The forebay of J. Strom Thurmond Lake at station 20, however, 
showed no significant difference between stations 30 through 23 at the 95% confidence 
level. 
Phosphorus content was greatest in the forebay of Richard B. Russell Lake 
followed by station 120, approximately 12 km upstream.  The next greatest stations were 
38 and 35, though these were not significantly different from the forebay of Lake 
Hartwell (station 210), and all three of those locations were significantly greater than the 
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forebay in J. Strom Thurmond (station 20).  I did not observe the gradient that Ashby 
(1987) observed in J. Strom Thurmond Lake.  The sediment content for phosphorus and 
iron in the forebay of Richard B. Russell Lake and station 120 were greater than Lake 
Hartwell, which was greater than J. Strom Thurmond.  This was consistent with a 
hypothesis that the sediment content was influenced by iron-phosphorus redox cycling. 
 Manganese showed unanticipated results in my study.  Station 60 has an 
oxygenated hypolimnion that should facilitate manganese precipitation and retention in 
the forebay sediments, but manganese does not oxidize as readily as iron (Huffstetler 
1995).  Lake Hartwell’s manganese content was the lowest of all sites sampled at 0.94 
mg/g of dry sediment followed by station 120.  Stations 120 and 210 had significantly 
less manganese than station 60.  However, station 60 in the Richard B. Russell Lake 
forebay was less than all J. Strom Thurmond Lake locations except for 30 and 28 for 
which there was no significant difference.  Manganese values were between 
approximately 1 and 5 mg/g dry sediment until station 25 at the northern most point of J. 
Strom Thurmond’s forebay area (station 20) where it increased to 13.6 mg/g of dry 
sediment.  At station 23 it increased to 16.5 mg/g, and at the forebay the value decreased 
again to 11.3 mg/g dry sediment.   
Ashby (1987) conducted his sediment research in 1986, and showed a large 
increase in manganese concentrations near the J. Strom Thurmond Lake forebay as well, 
although near station 25, which is just upstream of my greatest concentration at station 
23.  Because Ashby (1987) did not see the same results as I did for iron, it is doubtful that 
he would have observed an effect of the oxygenation system at this location with the 
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much less reactive manganese.  It is more likely that this large amount of manganese in 
the J. Strom Thurmond Lake forebay is due to some other factor for J. Strom Thurmond 
Lake or possibly an allochthonous input.  Further study will be required to understand 
this specific anomaly. 
The second analysis of variance and Fisher’s Least Significant difference test was 
performed on manganese only for stations 210 in the Hartwell Lake forebay and stations 
120 and 60 in Richard B. Russell Lake.  The single conclusion that can be made from 
these analyses is that the manganese concentration at station 60 was greatest followed by 
station 120, and both were significantly greater than the concentrations in the Lake 
Hartwell forebay, which supports a hypothesis that manganese deposition is affected by 
the artificial oxygenation system.  As with iron and phosphorus, Huffstetler (1995) also 
saw increased manganese in her sediment traps at station 38 presumably due to the action 
of the artificial hypolimnetic oxygenation system.  My studies revealed that station 38 
had greater manganese concentration than stations 30 and 28, but that station 35 was 
greater than all the J. Strom Thurmond Lake sites other than 25, 23, and 20.  This 
supports a hypothesis that the oxygenation system is having an affect on the constituents 
of the sediment in Richard B. Russell Lake. 
Results for carbon were more equivocal.  The carbon content was highest of all at 
station 120.  The J. Strom Thurmond Lake forebay was no different from Lake Hartwell, 
but was greater than the Richard B. Russell Lake forebay.  Station 210 and station 60 
showed no significant difference.  Any conclusions that could be drawn about the effect 
of artificial oxygenation on carbon deposition would require a survey of sediment biota 
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as well as several seasonal surveys of allochthonous organic and inorganic carbon inputs.  
Because phosphorus and carbon were measured as total amounts irregardless of organic 
or inorganic origin, no correlations can be made between carbon and phosphorus in this 
system based upon my results.  Station 38 had the lowest carbon content, and at the time 
of collection this site had sediment that was the coarsest in texture of any site sampled.  
Stations 35 and 30 showed no difference between each other or stations 60 and 210.  
However, they were less than stations 120 and 20.  It is my conclusion that while these 
data may support an approximate trend of carbon distribution for the sites sampled, a 
more accurate representation would be achieved using sediment-trapping devices in the 
water column in conjunction with multiple core samples and water column analysis.  
More accurate results could also be achieved using a method of carbon analysis other 
than loss on ignition. 
In summary, iron is significantly greater in the sediments of the forebay of 
Richard B. Russell Reservoir than in Lake Hartwell’s forebay sediments.  Lake Hartwell 
served as an upstream comparison for this study.  The forebay sediments of J. Strom 
Thurmond Reservoir had significantly less iron than the forebay sediments of Lake 
Hartwell.  This would imply that iron is being sequestered in the Richard B. Russell Lake 
forebay for as long as the oxygenation system is operated during summer stratification.  
Because this same trend is seen in the phosphorus data, the iron hydroxide/phosphorus 
cycle may be occurring at the oxygenation system, which would result in phosphorus 
being sequestered as well.  Manganese is possibly being affected by the oxygenation 
system because quantities were significantly greater in the Richard B. Russell Lake 
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forebay sediments than in the Lake Hartwell forebay sediments, but the determination of 
downstream effects of the oxygenation system cannot be made due to the anomalous, 
large concentrations of manganese detected in the upper portions of the forebay in J. 
Strom Thurmond Reservoir.  Based upon these observations, the oxygenation system 
may affect downstream locations in the future.  However, with the construction of the 
proposed oxygenation system in J. Strom Thurmond Lake, these effects may change as 
more iron, phosphorus, and manganese are sequestered at that site, and this could have 
additional effects on the chemical characteristics of the Savannah River System below J. 
Strom Thurmond Dam.  The potential consequences of the oxygenation system’s absence 
should also be considered.  The absence of hypolimnetic oxygenation in either J. Strom 
Thurmond or Richard B. Russell Lakes could result in the resumption of anoxia and 
chemical stratification during summer.  Hypothetically this could create reducing 
conditions under which the enriched sediments would become a source for iron, 
phosphorus, and manganese that subsequently could be released to downstream regions 
in greater quantities.  During fall mixing, these oxygen demanding substances and anoxic 
water could become mixed with surficial waters, thus introducing further complexity.  
Further research will be necessary to determine the full influence of the current 
oxygenation system, the proposed system in J. Strom Thurmond Lake, and, by inference, 
the potential effect of the absence of an oxygenation system on Savannah River water 
quality downstream from J. Strom Thurmond Dam and in the lakes downstream from 
Hartwell Dam. 
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